ABSTRACT
INTRODUCTION
Bacteria have evolved several mechanisms to sense, communicate and compete with other microbes in the environment. Contact-dependent growth inhibition (CDI) is a common mode of inter-cellular interaction in which Gramnegative bacteria exchange protein toxins upon direct cellto-cell contact (1) (2) (3) . CDI toxin delivery is mediated by the CdiB/CdiA family of two-partner secretion proteins. CdiB is an Omp85 ␤-barrel protein that exports and displays CdiA effectors on the cell surface. CdiA proteins are very large (180-630 kDa), and each effector molecule is predicted to form an elongated filament that extends several hundred angstroms from the cell (3) (4) (5) . CdiA recognizes specific receptors on neighboring bacteria, then transfers its C-terminal toxin region (CdiA-CT) into the target cell through an incompletely understood translocation pathway (6, 7) . The CdiA-CT region varies widely in sequence between effector proteins, but is typically demarcated by highly conserved peptide motifs such as VENN in enterobacteria and ELYN in the Burkholderiales (1, 8, 9) . In accordance with CdiA-CT sequence diversity, CdiA effectors carry toxins with distinct activities, many of which are nu-cleases with unusual specificities (1, 6, 7, (9) (10) (11) . CDI + bacteria exchange toxins with sibling cells, and therefore must also produce CdiI immunity proteins to neutralize CdiA-CT toxicity (2, 3, 12) . Because CDI toxin-immunity pairs are polymorphic, immunity proteins do not protect against non-cognate toxins deployed by other bacteria. Thus, CDI allows bacteria to suppress the growth of non-isogenic neighbors, suggesting that these systems play a prominent role in bacterial competition.
The extraordinary diversity of CDI toxin-immunity proteins makes them an intriguing model to explore the evolution of protein-protein interactions. During the course of our studies to characterize CDI toxin families, we have solved the crystal structures of six CdiA-CT/CdiI complexes belonging to five different toxinimmunity sequence types (10, 11, (13) (14) (15) . These complexes exhibit unique protein-protein interfaces; and though the toxins are all nucleases, each exhibits a distinct substrate specificity. The CdiA-CT ECL toxin from Enterobacter cloacae ATCC 13047 is a member of the novel bacterial toxin Ntox21 family and resembles the C-terminal nuclease domain of colicin E3 (10) . Like colicin E3, CdiA-CT ECL cleaves 16S ribosomal RNA to block protein synthesis. CdiA-CT EC536 from uropathogenic Escherichia coli 536 contains an ␣-helical Ntox28 domain with a unique ribonuclease fold (13, 16) . The CDI toxins deployed by E. coli TA271 and Burkholderia pseudomallei isolates 1026b and E479 are all members of the PD-(D/E)XK phosphodiesterase superfamily, though the domains share no discernable sequence homology (11, 14, 15) . Most PD-(D/E)XK nucleases are specific for DNA, and the CdiA-CT TA271 toxin is a metal-dependent DNase (11, 14) . However, the B. pseudomallei CdiA-CT 1026b and CdiA-CT E479 toxins have no activity on DNA and instead cleave tRNA at distinct positions (11, 15) . The fact that three apparently unrelated toxin types share the PD-(D/E)XK core fold raises the possibility that other uncharacterized CDI toxins could also be members of the superfamily. Moreover, these observations suggest that many CdiA-CT domains may belong to known protein families, but the relationships are difficult to discern based solely on sequence comparisons and structure predictions.
In this report, we extend our analysis to the CDI toxin and immunity protein from Yersinia kristensenii ATCC 33638, which exhibit no sequence similarity to functionally characterized proteins in the NCBI database. Surprisingly, the crystal structure reveals that the C-terminal domain of CdiA-CT Ykris adopts the same fold as RNase A superfamily members, which have hitherto only been identified in vertebrates. In accordance with this structural similarity, we find that CdiA-CT Ykris has robust RNase activity in vivo and in vitro, though the toxin's catalytic triad is distinct from the RNase A superfamily. Finally, we identify many other CdiA-CT Ykris toxin homologs throughout Gram-negative and Gram-positive bacteria. These homologs are typically found at the C-terminus of anti-bacterial effector proteins secreted through type V, type VI and type VII secretion systems, suggesting that RNase A-like toxins are commonly deployed in inter-bacterial conflict.
MATERIALS AND METHODS

Plasmid constructions and site-directed mutagenesis
CdiA
Ykris from Y. kristensenii ATCC 33638 is encoded by ordered locus ykris0001 13530; and CdiI
Ykris is encoded by ykris0001 13520, though the initiating Met codon of the immunity protein is misidentified in the genome annotation. Coding sequences for CdiA-CT Ykris (corresponding to residues Val3116-Pro3396) and CdiI
Ykris were synthesized by Genscript (Piscataway, NJ, USA) and provided in plasmid pUC57. The cdiA-CT/cdiI
Ykris coding sequences were amplified with primers CH3751 (5 -TTT CCA TGG TGG AGA ATA ACT CCA TGA GTG) and CH3752 (5 -TTT CTC GAG ACT AGT GTT CAT TTG TTT ATA TAT ATG TTT CAA C) and ligated to pET21S using NcoI/XhoI restriction sites to generate plasmid pCH12245. The NcoI/SpeI fragment from pCH12245 was subcloned to generate plasmid pCH12560, which appends an ssrA(DAS) peptide tag onto CdiI Ykris for controlled proteolysis mediated activation of CdiA-CT Ykris in vivo (12, 17) . The cdiI Ykris immunity gene was amplified with primers CH3765 (5 -CCG GTA CCA TGA TTA TTA ACG AAA AAT A) and CH3752 and ligated to plasmids pTrc99A and pET21P through NcoI/SpeI restriction sites to generate plasmids pCH12558 and pCH12559, respectively. Site-directed mutagenesis of putative activesite residues was performed by mega-primer PCR. Plasmid pCH12245 was amplified with CH3752 in conjunction with primers CH4057 (Arg186Ala; 5 -GCG GAG CTA TTA AAT GCA GTG TCA ACG GGT AAT G), CH3861 (His175Ala; 5 -CCT AAT CGA TAG GGC TGT TGG AAA AAC AGA A), CH3862 (Thr276Ala; 5 -GGG TAT AAA ATC ATT GCT GGA TAT CCA ACA CCA) and CH3863 (Tyr278Ala; 5 -GGG TAT AAA ATC ATT ACT GGA GCT CCA ACA CCA). The resulting products were used as megaprimers to amplify cdiA-CT/cdiI
Ykris with forward primer CH3751. The mutated fragments were ligated to protein over-production and ssrA(DAS)-tag vectors as described above. The Asn191Ala, Lys193Ala and Ser196Ala mutations were generated through PCR amplification of expression plasmids using primers: Asn191Ala forward (5 -TTA AAT AGA GTG TCA ACG GGT GCG  GTT AAA TCA GCG TCC TCA TTT) and reverse (5 -AAA TGA GGA CGC TGA TTT AAC CGC ACC CGT  TGA CAC TCT ATT TAA), Lys193Ala forward (5 -GAG  TGT CAA CGG GTA ATG TTG CGT CAG CGT CCT  CAT TTA CAG) and reverse (5 -CTG TAA ATG AGG  ACG CTG ACG CAA CAT TAC CCG TTG ACA CTC),  and Ser196Ala forward (5 -CGG GTA ATG TTA AAT  CAG CGG CTT CAT TTA CAG ATA GGA CTA C) and  reverse (5 -GTA GTC CTA TCT GTA AAT GAA GCC  GCT GAT TTA ACA TTA CCC G) .
Plasmid-borne chimeric CDI systems were constructed by allelic exchange of the counter-selectable pheS* marker from plasmid pCH10163 (11) . cdiA-CT/cdiI Ykris sequences were amplified with primers CH3749 (5 -CAG GTA GGA  ACT CGG TTG AGA ATA ATT CCA TGA GTG GAG  ATC AAG) and CH3750 (5 -GGT CTG GTG TCT AAC  CTT TGG GTT AGT TCA TTT GTT TAT ATA TAT  GTT TCA) . The cdiA-CT/cdiI Ykris sequences were fused Nucleic Acids Research, 2017, Vol. 45, No. 9 5015 to fragments amplified from regions upstream and downstream of the cdiA EC93 gene. The upstream homology fragment was amplified using primers CH4100 (5 -GAA GCG  ATG AAA GCA GCC AGG) and CH4101 (5 -CTC AAC  CGA GTT CCT ACC TGC CTG) , and the downstream fragment with primers CH4102 (5 -AAC CCA AAG GTT AGA CAC CAG ACC) and CH4103 (5 -AAG TAG GCA TTC TCG ACC CTG). The three products were then fused to each other using overlap-extension PCR with primers CH4100/CH4103. The final DNA product (100 ng) was electroporated together with plasmid pCH10163 (300 ng) into E. coli DY378 cells (18) . Recombinant plasmid clones were selected on yeast extract glucose-agar supplemented with 33 g/ml chloramphenicol and 10 mM D/Lp-chlorophenylalanine.
Expression and purification for crystallography
Sub-cloning of the cdiA-CT/cdiI
Ykris coding sequence into pMCSG expression plasmids failed, presumably due to unbalanced production of toxin and immunity proteins. Therefore, an optimized ribosome-binding site was introduced upstream of cdiI Ykris through PCR amplification of the pUC57 construct with primers (5´-GTT TAA CTT  TAA GAA GGA GAT ATA CAT ATG ATT ATT AAC  GAA AAA TAT CCT TAT TTG TCA TAT CTA CTA A)  and (5´-CTC CTT CTT AAA GTT AAA CAC CAT TCT  ATG GTG TTG GAT ATC CAG TAA TGA TTT TAT  ACC) . The product was treated with T4 DNA polymerase and transformed into E. coli BL21-Gold(DE3). After verification by DNA sequencing, the modified cdiA-CT/cdiI Ykris operon was amplified with (5´-GGA GTA AAG ATA ATG GTG GAG AAT AAC TCC ATG AGT GGA GAT) and (5´-GTG ATG GTG ATG ATG GTT CAT TTG TTT  ATA TAT ATG TTT CAA CCA TTC CTC A) , and introduced into pMCSG81 by ligation-independent cloning to generate expression plasmid pMCSG81-CPX300012. The final construct appends a non-cleavage His 6 tag to the C-terminus of CdiI Ykris . Protein expression was performed as described (19, 20) . Briefly, E. coli BL21-Gold (DE3) cells carrying expression plasmids were grown at 37
• C, 200 rpm in enriched M9 medium. At OD 600 ≈ 1,
and L-Val were added to inhibit methionine biosynthesis and promote L-selenomethionine (SeMet) incorporation. SeMet (90 mg) was added to 1 l of culture and protein expression was induced with 0.5 mM isopropyl-␤-Dthiogalactopyranoside (IPTG). The cells were incubated at 18
• C overnight. The harvested cells containing SeMetlabeled CdiA-CT/CdiI Ykris complex were re-suspended in lysis buffer [500 mM NaCl, 5% (w/v) glycerol, 50 mM HEPES-NaOH (pH 8.0), 20 mM imidazole, 10 mM ␤-mercaptoethanol, 1 tablet protease inhibitor/50 ml extract (Roche Diagnostic)] and stored at -80
• C. The suspension was thawed, sonicated and centrifuged at 13 000 ×g for 30 min. Supernatant was collected and mixed with 4 ml of Ni 2+ -NTA Sepharose (GE Healthcare Life Sciences) equilibrated with lysis buffer. The initial Ni 2+ -affinity purification process was performed on a vacuum assisted purification system with 25 mm Kontes columns. The Ni 2+ -NTA resin suspension was loaded on the column and the unbound proteins eluted with 200 ml of lysis buffer. The CdiA-CT/CdiI
Ykris complex was eluted with 30 ml of lysis buffer supplemented with 500 mM imidazole (pH 8.0). The eluted protein was treated with 5 g/ml subtilisin A at 4
• C overnight. The following day the sample was concentrated on Amicon 10 kDa membrane and separated on a Superdex 200 (GE Healthcare Life Sciences) size-exclusion column equilibrated with lysis buffer. The fractions containing CdiA-CT/CdiI
Ykris were pooled and exchanged into crystallization buffer [250 mM NaCl, 20 mM HEPESNaOH (pH 7.5), 5 mM dithiothreitol].
Crystallization and data collection
The SeMet-labeled CdiA-CT/CdiI
Ykris complex was crystallized using sitting drop vapor diffusion in a CrystalQuick96 well round-bottom plates (Greiner Bio-one, Monroe, NC, USA). A 400 nl droplet of the protein (71.5 mg/ml) was mixed with a 400 nl droplet of crystallization formulations and allowed to equilibrate over 135 l of crystallization reagent. Nano-pipetting was performed using the Mosquito nanoliter liquid handling system (TTP LabTech). The plates were incubated at 4
• C and 16
• C. SeMet-labeled complex produced several crystals in different crystallization formulations. The best diffraction quality crystals were obtained from 0.1 M MgCl 2 , 0.1 M sodium citrate (pH 5.0), 15% polyethylene glycol 4000 at 16
• C. Prior to flash-cooling in liquid nitrogen, CdiA-CT/CdiI
Ykris crystals were cryoprotected by a flash washing in their reservoir solution supplemented with 20% polyethylene glycol. Diffraction data were collected at the Structural Biology Center 19-ID beamline at the Advanced Photon Source, Argonne National Laboratory. The single-wavelength anomalous diffraction (SAD) dataset was collected at 100 K near the selenium K-absorption edge. Diffraction images were processed with the HKL3000 suite (21) . Intensities were converted to structure factor amplitudes in Ctruncate (22, 23) from the CCP4 package (24) . The data collection and processing statistics are given in Table 1 .
Structure solution and refinement
The structure was solved by SAD phasing of the selenium peak data using the HKL3000 software pipeline (21) . The positions of 11 heavy atoms were determined in SHELXD and initial phases were obtained from SHELXE (25) . Phases were further improved through iterations of MLPHARE (26) and DM (27) . The initial protein model was built by HKL builder utilizing Buccaneer (28) . The final model was obtained through alternating manual rebuilding in COOT (29) and crystallographic refinement in Phenix (30) and Refmac (24, 31) . Protocol refinement included optimization of TLS parameters with five groups per chain. Refinement statistics are shown in Table 1 . The atomic coordinates and structure factors have been deposited in the Protein Data Bank under accession code 5E3E.
Expression and purification for biochemical characterization
CdiA-CT/CdiI
Ykris complexes were overexpressed in E. coli BL21-Gold (DE3) cells (Novagen). Cells were grown aero- bically at 37
• C in LB medium containing 50 g/ml ampicillin and 40 mM potassium phosphate. CdiA-CT/CdiI Ykris protein expression was induced by the addition of 1 mM IPTG at an OD 600 ∼ 1 and incubated at 18
• C for 16 h. Cells were collected by centrifugation at 5100 rpm for 30 min and washed with resuspension buffer [20 mM TrisHCl (pH 7.4), 500 mM NaCl]. Cells were broken by sonication on ice in resuspension buffer supplemented with 10 mg/ml lysozyme and 40 M phenylmethylsulfonyl fluoride. Unbroken cells and debris were removed by centrifugation at 14 000 rpm for 30 min followed by filtration through a 0.45 M membrane. Clarified lysates were loaded onto a 5 ml Ni 2+ -charged HiTrap column (GE Healthcare) and the column washed with resuspension buffer supplemented with 10 mM imidazole. The CdiA-CT/CdiI
Ykris complex was eluted with a linear gradient of imidazole (10-500 mM) in resuspension buffer. Fractions were collected, combined and concentrated to a volume of ∼1 ml using a 10-kDa centrifugal concentrator.
His 6 -tagged CdiI Ykris immunity protein was overexpressed and purified as described above and concentrations were determined by absorbance at 280 nm. CdiA-CT Ykris proteins were isolated from CdiI Ykris -His 6 by Ni 2+ -affinity chromatography under denaturing conditions.
Ykris -His 6 complexes were denatured in 6 M urea, 150 mM NaCl, 20 mM Tris-HCl (pH 7.4) overnight, then subjected to Ni 2+ -affinity chromatography in the same buffer. Denatured CdiA-CT Ykris was collected in the flowthrough fractions and dialyzed against refolding buffer [0.1 M Tris-HCl (pH 7.4), 0.1 M glycine] with progressively lower urea concentrations (4 M, then 2 M and finally no urea) for 4 h at 4
• C, followed by dialysis into 20 mM Tris-HCl (pH 7.4), 150 mM NaCl. The same protocol was used for all CdiA-CT Ykris toxin variants. Circular dichroism spectroscopy was used to confirm that the toxins were refolded. • C overnight, and the complex was purified by Ni 2+ -affinity chromatography prior to use in activity assays. The eluted fractions containing a near 1:1 ratio of CdiI Ykris -His 6 to CdiA-CT Ykris was determined by SDS-PAGE, and the concentration of the complex was determined using the extinction coefficient of both proteins. The same experiment was performed with RNase A and CdiI Ykris and though RNase A has low affinity for CdiI Ykris , some fractions contained a 1:1 ratio of RNase A:CdiI Ykris . RNase assays were performed using total RNA isolated from E. coli strain X90 as described previously (33) . E. coli RNA (100 g/ml) was digested with 20 nM purified CdiA-CT Ykris in 20 mM TrisHCl (pH 7.5), 150 mM NaCl, 100 g/ml bovine serum albumin (30 l final volume) at room temperature. Where indicated, reactions were supplemented with 100 nM purified CdiI Ykris for 30 min prior to the addition of RNA substrate. Reactions were quenched in denaturing gel-loading buffer and run on 8 M urea 10% polyacrylamide gels buffered with 1× Tris-borate-EDTA. Gels were stained with ethidium bromide to visualize nucleic acids.
Enzyme activity assays
Wild-type CdiA-CT Ykris and mutant variants were activated inside E. coli X90 cells using controlled proteolysis of ssrA(DAS)-tagged CdiI Ykris immunity protein as described (12, 17) . Cells were grown in tetracycline-supplemented LB media to OD 600 ∼ 0.1, then the expression of cdiA-CT/cdiI-DAS constructs was induced with 0.4% L-arabinose. Induced cultures were incubated at 37
• C with shaking for 3 h, then harvested into an equal volume of ice-cold methanol. Cells were collected by centrifugation and the pellets frozen at -80
• C prior to extraction of total cellular RNA as described (33) . Isolated RNA (10 g) was run on 8 M urea 10% polyacrylamide gels and visualized by staining with ethidium bromide.
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Competition co-cultures
Escherichia coli EPI100 inhibitor strains carrying cosmids pCH12241 (wild-type CdiA-CT Ykris ), pCH13071 (His175Ala), pCH13157 (Arg186Ala), pCH13155 (Thr276Ala) or pCH13156 (Tyr278Ala) were co-cultured at a 1:1 ratio with E. coli MC4100 target cells carrying plasmid pTrc99A (cdiI -) or pCH12558 (cdiI Ykris ) in LB media. Viable inhibitor and target cells were enumerated on selective media at the beginning of co-culture and after 3 h. The competitive index was calculated as the ratio of target cells to inhibitor cells at 3 h divided by the initial inhibitor to target cell ratio. The competitive indices for three independent experiments are reported ± standard errors.
Biolayer interferometry
CdiI
Ykris binding affinities for CdiA-CT Ykris and RNase A were determined by biolayer interferometry. All binding reactions were performed at 25
• C in 20 mM Tris-HCl (pH 7.4), 150 mM NaCl. For toxin-immunity binding, CdiI YkrisHis 6 was immobilized on Ni 2+ -NTA biosensors and exposed to 3.125-50 M CdiA-CT Ykris . NHS-PEG4-Biotin (ThermoFischer Scientific) was added to RNase A at a 1:1 ratio for 30 min at room temperature. Then the biotinylated protein was purified on a Zeba™ spin desalting column (ThermoFisher Scientific). RNase A was immobilized on streptavidin biosensors and exposed to 6.25-50 M CdiI Ykris . A buffer reference was subtracted from all binding curves before curve fitting. Curve fitting and data processing were performed using BLItz Pro Software (ForteBio Inc.).
Thermal denaturation
Circular dichroism (CD) spectra were collected in duplicate on 0.5 mg/ml protein solutions in water. Ellipticity was measured every 0.5 nm with a response of 8 s and a scanning speed of 10 nm/min. The temperature was increased from 20
• C to 90
• C and spectra were recorded every 10 • C. The global unfolding curve was obtained using Equation (1) 
where ␣ is the fraction of folded protein at any temperature, t the ellipticity value for a specific temperature, represents 100% denatured protein (90 • C) and f represents 100% native protein (20 • C).
RESULTS
Structure of the CdiA-CT/CdiI Ykris complex
The structure of the CdiA-CT/CdiI Ykris complex from Y. kristensenii ATCC 33638 was solved to 1.7Å resolution with three toxin/immunity protein complexes in the asymmetric unit ( Figure 1A and Table 1 ). As we have found with all previous CdiA-CT structures, the final model only contains the C-terminal domain, corresponding to residues Gly168-Pro281 (as numbered from Val1 of the VENN motif). The entirety of the CdiI Ykris immunity protein (residues Met1-Asn98) is resolved, though chain C is missing four Nterminal residues. Two of the CdiA-CT Ykris domains (chains B and D) are very similar to one another (rmsd of 0.40 A), whereas the third toxin domain (chain F) superimposes upon chain B and D with rmsd values of 0.51Å over all ␣-carbon atoms. These differences arise from a slight shift of helices ␣1 and ␣2 in toxin chain F. In contrast, all three CdiI Ykris chains adopt very similar conformations with rmsd values between 0.28 and 0.33Å over all ␣-carbon atoms.
The C-terminal domain of CdiA-CT Ykris consists of an extended ␤-sheet system and four ␣-helices. The toxin has a kidney-shaped structure, in which the two antiparallel ␤-sheets form lobes that are connected through a hinge region. The short ␣1 helix is positioned within the hinge between the two ␤-sheet lobes. Helix ␣2 runs parallel to the back side of the first ␤-sheet (␤1, ␤3 and ␤4). The second ␤-sheet (␤2, ␤5 and ␤6) curves toward the outside of the structure, with ␣3 helix running through its central cavity. Helix ␣4 follows ␣3 directly and lies antiparallel to strand ␤2. The CdiI Ykris immunity protein is composed of eight ␣-helices (␣1 -␣8 ) packed together to form a nearly spherical structure with weak structural homology to a putative TetR family transcriptional repressor (Table 2). The CdiI Ykris protein fits into the curved cavity of the CdiA-CT Ykris toxin domain. The primary interactions involve helix ␣1 and the second ␤-sheet (␤2, ␤5 and ␤6) of the toxin and helix ␣6 of the immunity protein and its surrounding loops. The toxin/immunity protein interface is mediated largely by shape and electrostatic potential complementation and includes 14 direct hydrogen-bonds (Hbonds) and eight salt-bridges ( Figure 1B and Table 3 ). The toxin-immunity protein interface buries ∼1010Å 2 , corresponding to 15.0% and 17.1% of the total surface area of CdiA-CT Ykris and CdiI Ykris , respectively.
CdiA-CT Ykris is structurally homologous to the RNase A family
Using the DALI server (34), we identified human angiogenin, Rana pipiens protein P-30 (onconase) and mouse pancreatic ribonuclease (RNase 1) as the closest structural homologs of CdiA-CT Ykris (Table 2) . Though CdiA-CT Ykris shares little sequence identity with these RNase A family members (Figure 2A ), angiogenin and RNase 1 adopt similar structures with two ␤-sheets forming an overall kidney shape ( Figure 2C and D) (35, 36) . All RNase A paralogs contain three or four disulfide bonds, but the CdiA-CT Ykris toxin domain lacks cysteine residues (Figure 2A ). The nuclease active site is conserved in all RNase A family members and consists of catalytic residues His13, Lys40 and His116 (angiogenin numbering) (37) . RNA cleavage is initiated by His13, which acts as a general base to abstract a proton from the 2 -hydroxyl of substrate RNA. Deprotonation precipitates an intra-molecular nucleophilic attack on the adjacent phosphodiester bond. Lys40 is thought to stabilize the pentavalent transition-state intermediate (38) , and His116 donates a proton to the 5 leaving group. This phosphotransferase reaction cleaves the RNA backbone, producing fragments with cyclic 2 ,3 -phosphodiester and 5 -hydroxyl termini. Structural alignment shows that toxin residues His175, Val192 and Thr276/Tyr278 superimpose onto His13, Lys40 and His116 (respectively) of angiogenin ( Figure 3A ). Though Val192 is unlikely to stabilize the transition state, toxin residues Arg186, Asn191 and Lys193 are in the same vicinity ( Figure 3B ) and have side-chains that could participate in catalysis. Further, the backbone carbonyl and side-chain of angiogenin residue Thr44 contribute to substrate specificity by forming direct H-bonds with pyrimidine bases (39) . CdiA-CT Ykris residue Ser196 occupies a similar position as Thr44 (Figure 3B ), suggesting that it may also interact with substrate nucleobases. We note that several of the predicted active-site residues interact directly with the immunity protein and contribute to the formation of the CdiA-CT/CdiI Ykris complex ( Figure  3C ). Thus, CdiI
Ykris most likely neutralizes toxin activity by blocking access to RNA substrates.
CdiA-CT Ykris toxin degrades RNA in vitro and in vivo
The structural similarity between CdiA-CT Ykris and the RNase A family suggests that the toxin has RNase activity. Indeed, we found that purified CdiA-CT Ykris toxin rapidly degrades E. coli RNA in vitro, and the activity was neutralized when CdiI Ykris was included in the reaction ( Figure 4A ). We note that the reactions were not supplemented with divalent cation, suggesting that CdiA-CT Ykrismediated nuclease activity is metal-independent like RNase A (40) . Toxin domains carrying mutations in putative active-site residues showed significantly reduced RNase activity, though the Arg186Ala and Thr276Ala mutants were able to degrade a significant proportion of the substrate upon prolonged incubation ( Figure 4A ). To assess toxin activity in vivo, we used controlled proteolysis of the CdiI Ykris immunity protein to activate wild-type and mutant toxin domains inside E. coli cells (12, 17) . The resulting constructs were expressed under the control of an arabinose-inducible promoter and total RNA was extracted for analysis by gel electrophoresis. Induction of the empty vector had no apparent effect on cellular RNA ( Figure 4B ). By contrast, activation of the wild-type toxin resulted in nearly complete degradation of tRNAs and the appearance of highmolecular weight fragments that presumably represent 23S and 16S rRNA cleavage fragments ( Figure 4B ). As expected from the in vitro RNase assays, expression of the Thr276Ala and Arg186Ala mutant toxins resulted in detectable tRNA degradation, whereas cells expressing the His175Ala and Tyr278Ala variant toxins showed little evidence of nuclease activity ( Figure 4B ).
We then tested whether the mutant toxin domains exhibit growth inhibition activity during cell-mediated CDI competition. We fused wild-type and mutant CdiA-CT Ykris domains onto CdiA EC93 at the VENN peptide motif to generate chimeric CdiA effector proteins. Inhibitor cells expressing these chimeras were co-cultured with target bacteria at a 1:1 ratio, and viable inhibitor and target bacteria were enumerated after 3 h. Target-cell fitness was expressed as the competitive index, which is the ratio of target to inhibitor cells at the end of the co-culture. Target bacteria were effectively outcompeted by inhibitor cells that deploy the wild-type CdiA-CT Ykris domain ( Figure 4C ), indicating that the toxin is delivered into E. coli cells. Moreover, target bacteria proliferated in co-cultures when they expressed the CdiI Ykris immunity protein ( Figure 4C ), demonstrating that the inhibitory effect is due to CdiA-CT Ykris nuclease activity. By contrast, inhibitor cells that deploy mutated CdiA-CT Ykris toxin domains were unable to inhibit the growth of target bacteria ( Figure 4C ). Thus, although the Arg186Ala and Thr276Ala variants retain residual RNase activity, these toxins are not sufficiently potent to inhibit target-cell growth.
CdiA-CT Ykris hydrolyzes cCMP
In addition to the phosphotransferase reaction described above, RNase A also hydrolyzes 2 ,3 -cyclic phosphodiesters. Though the same catalytic residues activate water for hydrolysis, this reaction is much slower and independent of phosphotransferase activity (40) . To determine whether CdiA-CT Ykris possesses activity, we monitored the conversion of cytidine 2 ,3 -cyclic monophosphate (cCMP) to cytidine 3 -monophosphate (3 -CMP), which absorbs light at 296 nm. Like RNase A, wild-type CdiA-CT Ykris hydrolyzed cCMP to 3 -CMP, though the rate of hydrolysis was ∼4-fold lower than that observed for RNase A ( Figure 5A ). 
Inclusion of CdiI
Ykris attenuated hydrolytic activity by at least 80%, but the immunity protein had no effect on the hydrolytic activity of bovine pancreatic RNase A ( Figure 5A ). CdiA-CT Ykris toxins carrying the His175Ala, Thr276Ala, Tyr278Ala and Arg186Ala mutations showed significantly reduced cCMP hydrolytic activity ( Figure 5B ), suggesting that these residues play critical roles in catalysis. By contrast, toxin domains with Asn191Ala, Lys193Ala and Ser196Ala substitutions showed no decrease in hydrolytic activity ( Figure 5B ).
CdiA-CT/CdiI
Ykris complex binding affinity
We next used biolayer interferometry to determine the binding affinity of the CdiA-CT/CdiI Ykris complex. Increasing concentrations of CdiA-CT Ykris were titrated against His 6 -tagged CdiI
Ykris immobilized on a Ni 2+ -NTA biosensor, and toxin association and dissociation was assessed by a shift in wavelength ( Figure 6A) . A dissociation constant of 40.9 ± 4.9 nM was calculated from the rates of complex association and dissociation ( Figure 6A ). We also examined the affinity of bovine pancreatic RNase A for CdiI Ykris . Because RNase A showed non-specific binding to the Ni 2+ -NTA biosensor, we biotinylated RNase A and immobilized it on streptavidin biosensors to determine its binding 
Thermal stability of RNase domains
All RNase A family members contain either three or four conserved disulfide linkages, which impart significant structural stability (40) . By contrast, cysteine residues are conspicuously absent from the CdiA-CT Ykris nuclease domain. Therefore, we compared the structures of CdiA-CT Ykris and mouse RNase 1 to identify elements that may compensate for the absent disulfide bonds. RNase 1 helix ␣2 is linked to ␤2 through the Cys27-Cys85 linkage ( Figure 7A, left) , which is substituted with hydrophobic interactions between ␣2 (Leu183, Leu184) and ␤3 (Val245) in CdiA-CT Ykris (Figure 7A, right) . Notably, helix ␣2 of CdiA-CT Ykris is perpendicular to the corresponding helix in RNase 1. The Cys41-Cys95 disulfide links extended loops 2 and 6, and these loops are substituted with the perpendicular helix ␣2 and two shorter loops in CdiA-CT Ykris ( Figure 7B ). Cys59-Cys111 connects helix ␣3 to the C-terminus of ␤5, and loop 4 connecting ␣3 and ␤5 is tethered by the fourth linkage between Cys66 and Cys73 ( Figure 7C, left) . Again, CdiA- Spectra colored in gray-scale progress from dark to light with increasing temperature. In both panels, the arrow represents the increase in temperature that correlates to a decrease of the spectral ellipticity (). (C) Comparison of CdiA-CT Ykris and RNase A stability using global unfolding curves. The T m for each protein is estimated to be the temperature at which there is 50% folded and unfolded protein (represented dashed grey line). All experiments were performed in triplicate.
CT
Ykris lacks this extended loop region and instead has an additional helix (␣4) in this position ( Figure 7C, right) . To assess the relative stabilities of RNase A and CdiA-CT Ykris , we monitored the thermal denaturation of each enzyme by circular dichroism spectroscopy. CdiA-CT Ykris showed a gradual loss in secondary structure content over a broad temperature range of • C ( Figure. 8A and C). By contrast, bovine RNase A exhibited a cooperative unfolding transition with a calculated melting temperature of 60 ± 2
• C ( Figure 8B and C), consistent with previously reported values (41, 42) . These data suggest that the CdiA-CT Ykris domain undergoes gradual thermal denaturation and consequently does not conform to a two-state folding model.
DISCUSSION
These results show that the CDI system of Y. kristensenii ATCC 33638 deploys a nuclease toxin that shares the RNase A superfamily fold. RNase A/RNase 1 was first isolated from exocrine pancreas, and the enzyme family was initially thought to function solely in the digestion of dietary nucleic acids (37, 43) . Subsequently, it became clear that RNase A is but one of several paralogs that are secreted from various tissues and have important non-digestive functions in vertebrates. Angiogenin/RNase 5 was identified as a potent tumor-derived angiogenesis factor (44, 45) , thus providing the first indication that these enzymes have diverse functions. Additionally, many RNase A superfamily members mediate innate immune responses against viral, bacterial and helminthic pathogens (43, 46) . Though CdiA-CT Ykris shares the RNase A fold and exhibits nuclease activity, these structural similarities most likely reflect convergent evolution. Firstly, there are no identifiable sequence homologs in invertebrates (or lower eukaryotes) to link the bacterial and vertebrate enzymes. Secondly, bacterial toxins are almost invariably encoded adjacent to cognate immunity genes, which are essential to prevent auto-inhibition. This genetic organization necessitates that toxin and immunity genes evolve reciprocally as pairs in cis. We note that several RNase A paralogs are potent cytotoxins, and mammalian cells produce an abundant cytosolic RNase inhibitor protein to counteract this toxicity. Though the RNase A inhibitor is functionally analogous to an immunity protein, it is a leucine-rich repeat protein with an unusual horseshoeshaped structure and is quite distinct from CdiI Ykris (47, 48) . Moreover, the inhibitor gene (RNH1) is located on a different chromosome than the RNase gene cluster (49, 50) , further distinguishing this system from typical bacterial toxinimmunity modules.
RNase A is one of the preeminent models to explore protein structure and function, and it is the first enzyme for which the catalytic mechanism was deduced (37, 40) . Superfamily members contain invariant His-Lys-His triads that catalyze independent phosphotransfer and phosphodiester hydrolysis reactions. Inspection of the CdiA-CT Ykris nuclease active site reveals that its catalytic mechanism is similar, yet distinct, from that of the RNase A superfamily. CdiA-CT Ykris residue His175 superimposes onto His13 of angiogenin, suggesting that the imidazole side-chain also acts as a general base during catalysis. Toxin residue Arg186
Nucleic Acids Research, 2017, Vol. 45, No. 9 5023 . . Y.kristens/CdiA-CT (56, 57) . Remarkably, the catalytic residues of tRNA-splicing and restriction endonucleases emanate from opposite edges of the central ␤-sheet. Thus, the restriction endonuclease core fold has been co-opted to support metal-independent RNase activity, in stark contrast with the metal-dependent DNA hydrolysis activity that characterizes most PD-(D/E)XK superfamily enzymes. Our results suggest that an analogous His-Arg-Tyr catalytic triad has arisen independently using the RNase A fold as a scaffold.
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Homologs of the CdiA-CT Ykris RNase domain are distributed throughout Gram-negative and Gram-positive bacteria. All of the homologs are encoded adjacent to probable immunity genes, and most are associated with secretion systems known to mediate bacterial competition. For example, a handful form the C-terminal toxin domains of CdiA proteins from Serratia proteomaculans, Photorhabdus luminescens, Pseudomonas citronellolis and Bordetella species N ( Figure 9 ). The domain is also found at the C-terminus of several rearrangement hotspot (Rhs) proteins, mostly from Pseudomonas species. In ␥ -proteobacteria, Rhs proteins are exported by type VI secretion systems (T6SS) and have been shown to have anti-bacterial activity (58) (59) (60) (61) . Though Rhs effectors have not been characterized in Flavobacteria, the homologs from Chryseobacterium gallinarum and C. gregarium could be deployed in a T6SS-dependent manner as these systems are clearly active in other Bacteriodetes (62, 63) . We also recovered an unusual Rhs-repeat protein from Streptomyces malaysiense (Figure 9 ). Because Grampositive bacteria do not possess T6SS, this putative effector is presumably exported through another mechanism, perhaps in a Sec-dependent manner analogous to the WapA YD-repeat proteins from Bacillus species (58) . In addition to the Rhs proteins, the RNase domain is also found within a group of putative T6SS effectors distributed sporadically through the Burkholderiales and Enterobacteriacae. Bacterial RNase A-like toxins are also well-represented at the Cterminus of putative type VII secretion system (T7SS) effectors ( Figure 9 ). These proteins carry N-terminal ESAT-6/WXG100 motifs, which presumably guide the toxin domains through the secretion apparatus (64, 65) . After a few years of conjecture about their role in competition (8, 66, 67) , T7SS was recently shown to export nuclease toxins from Staphylococcus aureus (68, 69) . The final class of CdiA-CT Ykris nuclease homologs are clade-specific lipoproteins from Bacillus cereus and Bacillus anthracis. These lipoproteins are encoded with probable immunity proteins, but two observations argue that these nucleases do not mediate competition. First, the predicted lipid modifications should anchor the nucleases in the membrane and presumably preclude transfer to other bacteria. Second, the RNase domains show little sequence variation between isolates. Diversification between strains is a hallmark of toxins that mediate inter-strain competition (14, 70, 71) . Thus, this group of lipoprotein RNases probably scavenges nucleotides from RNA in the environment, analogous to the assimilatory function of pancreatic RNase 1 in digestion (37, 43) .
Finally, we note that the alignment of the CdiA-CT Ykris nuclease homologs shows that His175 and Thr276 are completely conserved, but the position corresponding to Tyr278 is frequently substituted with a Phe residue ( Figure 9 ). This observation is somewhat surprising given the importance of Tyr278 for toxin nuclease activity. The side-chain of Tyr278 occupies a position similar to angiogenin Leu117 and RNase A Phe120, and the latter residue has been shown to stack onto pyrimidine nucleobases and contribute to substrate binding (72) . Therefore, it is possible that the Tyr278Ala substitution interferes with nuclease activity by reducing toxin affinity for substrate, rather than directly disrupting catalysis. This model indicates that another nonconserved residue must assume responsibility for proton transfers and suggests a degree of plasticity in the bacterial RNase A-like active site. Further detailed studies of CdiA-CT Ykris nuclease activity are required to fully understand its distinct mechanism of action.
